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Estradiol has profound actions on the structure and function of the nervous system. In
addition to nuclear actions that directly modulate gene expression, the idea that estradiol
can rapidly activate cell signaling by binding to membrane estrogen receptors (mERs) has
emerged. Even the regulation of sexual receptivity, an action previously thought to be com-
pletely regulated by nuclear ERs, has been shown to have a membrane-initiated estradiol
signaling (MIES) component. This highlighted the question of the nature of mERs. Sev-
eral candidates have been proposed, ERα, ERβ, ER-X, GPR30 (G protein coupled estrogen
receptor), and a receptor activated by a diphenylacrylamide compound, STX. Although each
of these receptors has been shown to be active in specific assays, we present evidence for
and against their participation in sexual receptivity by acting in the lordosis-regulating cir-
cuit.The initial MIES that activates the circuit is in the arcuate nucleus of the hypothalamus
(ARH). Using both activation of μ-opioid receptors (MOR) in the medial preoptic nucleus
and lordosis behavior, we document that both ERα and the STX-receptor participate in the
required MIES. ERα and the STX-receptor activation of cell signaling are dependent on
the transactivation of type 1 metabotropic glutamate receptors (mGluR1a) that augment
progesterone synthesis in astrocytes and protein kinase C (PKC) in ARH neurons. While
estradiol-induced sexual receptivity does not depend on neuroprogesterone, proceptive
behaviors do. Moreover, the ERα and the STX-receptor activation of medial preoptic MORs
and augmentation of lordosis were sensitive to mGluR1a blockade. These observations
suggest a common mechanism through which mERs are coupled to intracellular signal-
ing cascades, not just in regulating reproduction, but in actions throughout the neuraxis
including the cortex, hippocampus, striatum, and dorsal root ganglias.
Keywords: lordosis behavior, estrogen receptor, STX, cell signaling, neuroprogesterone, neurosteroids
INTRODUCTION
Estrogens have broad and profound effects on the structure and
function of the CNS. In the hippocampus, estradiol enhances cog-
nition, and memory and learning (Yildirim et al., 2008; Mamiya
et al., 2009), effects which are in large part due to spinogenesis
that increase synapses (Woolley and McEwen, 1992; Cooke and
Woolley, 2005; Sasahara et al., 2007). In the cortex and substantia
nigra, estradiol has been shown to be neuroprotective (Quesada
Abbreviations: 3β-HSD, 3β-hydroxysteroid dehydrogenase; ADX, adrenalec-
tomized; AGT, aminoglutethimide; AOS, accessory olfactory system; ARH, arcuate
nucleus of the hypothalamus; BIS, bisindolylmaleimide; BNST, bed nucleus of the
stria terminalis; CAV, caveolin; DHPG, (S)-3,5-dihydroxyphenylglycine; DRG, dor-
sal root ganglia; EB, 17β-estradiol benzoate; ER, estrogen receptor; GIRKs,G protein
coupled receptor kinases; GPCR,G protein coupled receptor; GPER, G protein cou-
pled estrogen receptor; IGF-1, insulin-like growth factor 1; IP3K, phosphatidylinos-
itol 3-kinase; LQ, lordosis quotient; MeApd, posterodorsal medial amygdala; mER,
membrane estrogen receptor; mGluR, metabotropic glutamate receptor; MIES,
membrane-initiated estradiol signaling; MOR, μ-opioid receptor; MPN, medial
preoptic nucleus; neuroP, neuroprogesterone; NPY, neuropeptide Y; OVX, ovariec-
tomized; PAG, periaqueductal gray; PDBu, phorbol 12, 13-dibutyrate; PKA, protein
kinase A; PKC, protein kinase C; POMC, pro-opiomelanocortin; TRI, trilostane;
VGCC, L-type voltage gated calcium channels; VMH, ventromedial nucleus of the
hypothalamus.
and Micevych, 2004; Wise et al., 2005; Dubal et al., 2006; Que-
sada et al., 2008), whereas in sensory systems, estradiol modulates
nociception (Bradshaw and Berkley, 2003; Cason et al., 2003;
Chaban et al., 2003, 2004; Chaban and Micevych, 2005; Berkley
et al., 2007; Loyd and Murphy, 2008; Murphy et al., 2009). In the
hypothalamus, estradiol from the ovaries induces the synthesis of
neuroprogesterone (neuroP) that is required for estrogen positive
feedback inducing the luteinizing hormone (LH) surge (reviewed
inMicevych et al., 2009).Recent results fromanumberof laborato-
ries, including ours, have demonstrated that in addition to classical
nuclear-initiated actions, estrogens act on membrane receptors to
affect cell signaling that underliemany of these actions. This paper
will review studies including those in our laboratory that demon-
strate that membrane-initiated estradiol signaling (MIES) is an
important component of female sexual receptivity measured by
lordosis – a behavior traditionally thought to be dominated by
nuclear estradiol action.
LORDOSIS BEHAVIOR
Sexual behavior in female rats can be distinctly categorized into
proceptive and receptive behaviors. Proceptive behaviors in estrus
female rats include behaviors that primarily attract and solicit
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mounting by male rats such as abrupt hopping and darting
sequences usually accompanied by a crouching posture, and ear-
wiggling (reviewed in Erskine, 1989). Another aspect of female
proceptive behavior is pacing, which is defined as the intermittent
approach and withdrawal of the female from the male (McClin-
tock and Adler, 1978). This component of proceptive behavior
allows the female to control the rate of coital stimulation received
and is a vital factor as it can have positive reinforcing components
on sexual behavior (Bermant and Westbrook, 1966) and induce
a reward state (Erskine, 1985; Paredes and Alonso, 1997). When
experimentally testing sexual behaviors under traditional labora-
tory conditions such as in small encased testing arenas, hopping,
and darting as well as ear-wiggling are commonly observed. How-
ever when rats are in their natural habitat, pacing seems to be the
more commonly observed event.
In contrast to proceptive behaviors, receptive behaviors are
often equally observed in either environment since these behav-
iors are characterized by a consummatory act. When the male rat
has successfully pursued the female rat and subsequentlymounted
her from the back, a lordosis reflex is elicited. This reflex is caused
by appropriate hormonal priming and palpation of the female
flanks and perineum by the male. As a result, the female exhibits a
distinct spinal dorsiflexion of the tail, arching of the back, exten-
sion of the neck, and elevation of the hindquarters and rump
to allow for male intromission (Beach, 1948). To quantify sexual
receptivity, a lordosis quotient, which is defined as the number of
lordotic postures displayed by the female divided by the number
of mounts× 100, has been commonly used (Beach, 1948; Beach
and LeBoeuf, 1967).
Sexual receptivity is regulated by a well-defined circuit that
spans the limbic system and hypothalamus to include the pos-
terodorsal medial amygdala (MeApd), bed nucleus of the stria
terminalis (BNST), medial preoptic nucleus (MPN), ventrome-
dial nucleus of the hypothalamus (VMH), and the arcuate nucleus
(ARH). Together these brain regions integrate hormonal infor-
mation, sensory input from the accessory olfactory system (AOS),
and tactile stimulation from the perineum and flanks to elicit the
lordosis reflex. The AOS plays a necessary role in the detection
of relevant olfactory cues during sexual receptivity as its sensory
neurons project to the BNST by way of the MeApd. Together with
somatic sensory cues into the periaqueductal gray (PAG), retic-
ular formation, and vestibular nuclei, these inputs will integrate
and converge to provide descending projections to the spinal cord
to activate medial lying dorsal horn motoneurons to produce the
stereotypic lordotic posture.
HORMONAL PRIMING OF SEXUAL BEHAVIOR
In gonadally intact animals, female rodent sexual receptivity is
induced by the sequential actions of peak estradiol on proestrus
followed by progesterone on the limbic-hypothalamic circuit. This
robust behavior is easily quantifiable and exquisitely sensitive to
exogenous estradiol andprogesterone,as seen in studies conducted
with ovariectomized (OVX) animals. In such rats, both estradiol-
only and estradiol+ progesterone paradigms have been used to
study the inhibitory and facilitative circuits involved in sexual
behavior and each has been used to garner important information
about the steroid responsiveness of the CNS circuits regulating
lordosis behavior. Since each steroid priming paradigm has inher-
ent advantages, the choice of which to use has been dictated
by the question to be addressed. It is clear from half a century
of investigation that although the behavioral output is similar,
estradiol and estradiol+ progesterone priming either activates dif-
ferent circuits or activates the same circuits in a temporally distinct
way. In animals primed with just estradiol, the dose required is
much higher than the dose needed when priming animals with
estradiol+ progesterone to obtain sexual receptivity (Pfaff, 1970).
Moreover, when using estradiol-only, repetitive estradiol treat-
ments are required every 4 days to ramp animals to a constant level
of receptivity compared to one big bolus treatment of estradiol fol-
lowed by progesterone (Sodersten and Eneroth, 1981; Bloch et al.,
1987). Following estradiol treatment, sexual receptivity cannot be
facilitated by progesterone for approximately 20 h (Sinchak and
Micevych, 2001).
The interactions between estradiol andprogesterone are impor-
tant in the understanding of how estradiol regulates the cell signal-
ing that underlies sexual behavior. It is becoming apparent that the
interaction between steroids of peripheral- and central-origin is
important for this regulation. Endogenous ovarian or exogenous
estradiol dramatically increases neuroP synthesis in the hypothala-
mus (Micevych et al., 2003, 2007). NeuroP synthesis is regulated by
estradiol through amembrane associated estrogen receptor (mER)
that increases free cytoplasmic calcium concentration ([Ca2+]i).
This de novo synthesis of neuroP in the hypothalamus is critical
for regulating the LH surge – the central event of reproduction.
Blocking neuroP synthesis prevents the E2-induced LH surge and
blocking hypothalamic steroid synthesis in cycling rats disrupts
the estrous cycle. While all this has been shown to be important
for the regulation of estrogen positive feedback of the LH surge
(reviewed inMicevych and Sinchak, 2007), the synthesis of neuroP
or activation of classical progesterone receptors does not appear
to affect estradiol-only induced lordosis behavior (Micevych and
Sinchak, 2007).On the other hand, estradiol-only induced procep-
tive behavior is blocked by trilostane (TRI) or aminoglutethimide
(AGT), antagonists of progesterone synthesis, indicating a role for
neuroP in mediating proceptive behaviors (Figure 1; Micevych
et al., 2008). These results are congruent with the long stand-
ing idea that sexual receptivity is primarily driven by estradiol
and proceptivity needs progesterone (reviewed in Barfield et al.,
1984).
We have used both steroid treatments, estradiol-only and
estradiol+ progesterone, to study steroid activation of CNS cir-
cuits and our data point to the ARH as the site at which estradiol
initially activates the lordosis-regulating limbic-hypothalamic cir-
cuit (Mills et al., 2004; Dewing et al., 2007). Here,MIES stimulates
a microcircuit involving the neuropeptide Y (NPY) innervation
of the pro-opiomelanocortin (POMC) neurons (expressing β-
endorphin) in the ARH. Activation of NPY-Y1 receptors on
neurons that project to the MPN increases the release of β-
endorphin. As a result, μ-opioid receptor (MOR) neurons in
the MPN that project to the VMH are inhibited, producing a
transient inhibition necessary for full lordosis behavior (Torii
et al., 1996, 1999; Sinchak and Micevych, 2001; Mills et al., 2004).
Subsequently, estradiol induces necessary gene transcription and
translation for the expression of lordosis behavior (reviewed in
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FIGURE 1 | Effects of blocking the synthesis of progesterone and
progesterone receptors in the CNS on sexual behavior. Blocking either
progesterone synthesis (A,B) with aminoglutethimide (AGT) or trilostane
(TRI) or activation of progesterone receptors (C) with RU486 reduces
expression of proceptive behaviors, but has no effect on expression of
lordosis in OVX/ADX rats treated every 4 days with 10μg 17β-estradiol
benzoate (EB) and then 1 h before the test with EB and drug. Animals were
tested 53–56 h after the initial EB injection for sexual receptivity, as
measured by lordosis quotient (LQ; Beach, 1948; Beach and LeBoeuf, 1967)
and expression of proceptive behaviors (proceptivity scale; Tennent et al.,
1980). Treatments to block progesterone synthesis or progesterone
receptors were delivered subcutaneously and started just before the EB
treatment and on the following mornings before testing. AGT (10mg per
treatment) blocks P450 side chain cleavage that converts cholesterol to
pregnenolone (A); TRI blocks the enzyme 3β-hydroxysteroid dehydrogenase
(16.5mg per treatment; 3β-HSD) which converts pregnenolone to
progesterone (B). RU486 (5mg per treatment) is a progesterone receptor
antagonist (C). Data are means±SEM of 12 animals. * Represents
significantly less than control treatment within behavior group as
determined by Mann–Whitney, where p>0.05 (from Micevych et al., 2008).
Micevych and Sinchak, 2007). The integrated response of the
entire limbic-hypothalamic circuit is funneled through the VMH
to descending projections that activate spinal motoneurons inner-
vating muscles responsible for lordosis behavior (Calizo and
Flanagan-Cato, 2003; Sinchak et al., 2010; reviewed in Pfaff et al.,
2008).
MEMBRANE-INITIATED SIGNALING: ESTROGEN RECEPTORS
The current situation with respect to membrane estrogen recep-
tors (ERs) remains unsettled. A number of proteins have been
suggested as ERs, including the classical nuclear receptors ERα and
ERβ, ER-X, STX-activatedmembrane ER (mER), and GRP30, also
known as G protein coupled estrogen receptor (GPER). Lordosis
behavior is dependent on estradiol priming. To date, a prepon-
derance of evidence points to ERα as the primary ER mediating
reproduction (Rissman et al., 1997; Micevych et al., 2003; Win-
termantel et al., 2006). However, other putative receptors, such
as ERβ, STX-receptor, and GRP30, have been suggested to par-
ticipate in regulating reproduction in different models (Carmeci
et al., 1997; Qiu et al., 2003, 2006; Revankar et al., 2005; Kuo et al.,
2009). These have been recently reviewed (Micevych andMermel-
stein, 2008; Micevych and Dominguez, 2009) and this review will
focus on their ability to influence lordosis behavior.
ER-X is a novel membrane ER that is expressed primarily in
the cortex during development (post-natal days 7–10) or after
trauma, uterus, and lung plasma membrane microdomains asso-
ciated with caveolin proteins (Pappas et al., 1995; Toran-Allerand
et al., 2002; Toran-Allerand, 2005). Unlike other ERs, it is activated
by estradiol stereoisomers, 17α-estradiol and 17β-estradiol, but
preferentially binds the former, which is inactive at ERα or ERβ.
The ER antagonist ICI 182,780, which is considered a “universal”
ER antagonist, paradoxically activates ER-X. In terms of female
sexual receptivity, ICI 182,780 prevented the estradiol-induced
activation/internalization of MOR. This result suggests that ER-X
is not involved since ICI 182,780 is an agonist at the putative ER-X
and would have facilitated the estradiol action. Ergo, its devel-
opmental profile and its promiscuous binding of both estradiol
stereoisomers make it unlikely that ER-X is the ER responsible for
mediating sexual receptivity.
Recently, estradiol has been shown to stimulate a seven trans-
membrane integral protein, GPR30, expressed throughout the
brain and periphery (Revankar et al., 2005; Prossnitz et al., 2008).
Studies have shown that estradiol stimulation of cells transfected
with GPR30 can be blocked by the ER antagonist ICI 182,780.
However, other results have shown the converse (Thomas et al.,
2007). In our hands, stimulation of GPR30 with the selective ago-
nist, G-1, did not induce internalization of MOR in the MPN or
affect lordosis behavior suggesting that GPR30 does not activate
the ARH –MPN circuit with regards to lordosis behavior (Dewing
et al., 2007). These results are consistent with an inability to detect
ER-X or GPR30 on the cell membrane after surface biotinylation
on primary neuronal cultures.
Interestingly, STX acting on a yet uncharacterized receptor
mimics the actions of estradiol. STX, a diphenylacrylamide com-
pound that structurally resembles 4-OH tamoxifen, is a ligand for
a proposed novel mER (Qiu et al., 2003). This synthetic estro-
gen receptor modulator has been shown to induce activation of
a G protein signaling cascade through phospholipase C/inositol
triphosphate and have estrogenic effects in a system absent of ERα
and ERβ (Roepke et al., 2011). The STX-binding protein binds
stereospecifically to estradiol and is blocked by the classical ER
antagonist ICI 182,780.Whenmicroinjected into theARHof OVX
rats, STX activates theMPN–ARH circuit by inducing internaliza-
tion of MOR, a similar effect is seen with estradiol (Figure 2). STX
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also facilitates sexual receptivity, as measured by a lordosis quo-
tient, in estrogen primed females compared with estrogen alone
females (Christensen et al., 2011). Further evidence for STX action
was obtained by using immortalized ARH neurons, N-38 cells, in
which STX increased [Ca2+]i through the release of intracellular
stores (Kuo, personal communication). How these data align with
various studies that demonstrate the necessity of ERα for repro-
ductive behavior, including MOR internalization, is not readily
apparent and will require further experimentation.
While the dependence of sexual receptivity on ERα appears
clear, how MIES fits into this model is now beginning to emerge.
We and others have identified full length ERα in membrane
fractions (Chaban et al., 2004; Gorosito et al., 2008; Bondar
et al., 2009; Dominguez and Micevych, 2010). In native and
immortalized hypothalamic neurons, the major membrane ERα-
immunoreactive protein is coded for by an alternative splicing
of the ERα gene (Bondar et al., 2009; Dewing and Micevych,
unpublished observations). In addition to the full length ERα
(66 kDa), a prominent 52 kDa ERα immunoreactive protein was
revealed in native hypothalamic and N-38 neurons. PCR experi-
ments demonstrated that the 52-kDa ERα variant was coded for
by an ERα mRNA with a deletion of the fourth exon, ERαΔ4. An
interesting observation had been that MIES-mediated MOR acti-
vation/internalization was temporally constrained in vivo (Dew-
ing et al., 2007). In vitro, estradiol modulated membrane levels
of ERα, providing a mechanism to explain the observation of
temporal constraint of MIES in our lordosis assay (Bondar et al.,
2009; Dominguez and Micevych, 2010). Under estrogen-starved
FIGURE 2 | Comparison of estradiol with STX-induced μ-opioid
receptor (MOR) in the medial preoptic nucleus (MPN). Estradiol, STX, LY
367,385, and control (aCSF) were injected into the arcuate nucleus of the
hypothalamus of OVX rats and then transcardially perfused 30min later
with chilled 0.9% saline followed by 4% paraformaldehyde in Sorenson’s
buffer. Sections from the arcuate nucleus (ARH) were processed for MOR
internalization using rabbit primary antibodies directed against MOR
(1:24,000; Neuromics). Histogram illustrates the ability of STX to induce
MOR internalization similar to EB, as measured by immunofluorescence
staining intensity in the MPN. Blocking mGluR1a with the antagonist LY
367,385 attenuates STX-induced MOR internalization. * Represents
p<0.05 compared to control as determined by one-way ANOVA.
conditions, estradiol activated ER-mediated events, suggesting
a population of mER on the cell membrane (Eckersell et al.,
1998; Chaban et al., 2004). Surface biotinylation confirmed ERα
and ERαΔ4 on the cell plasma membrane (Gorosito et al.,
2008; Bondar et al., 2009; Dominguez and Micevych, 2010)
that were transiently increased with estradiol treatment. This
trafficking of ERα and ERαΔ4 to the membrane is depen-
dent on activation of protein kinase C θ (PKCθ) in neurons.
Consequently, this same novel PKC was activated by MIES
in vivo.
Estradiol also regulates the internalization of mER. Internaliza-
tion of agonist bound receptors is a well-described characteristic
of many membrane receptors and is an assay for receptor activa-
tion (reviewed in Sinchak and Micevych, 2003). In hypothalamic
neurons, the appearance of pits in the plasma membrane suggests
endocytic processes (Olmos et al., 1987;Garcia-Segura et al., 1988).
The mechanism of internalization involves phosphorylation by
G protein coupled receptor (GPCR) kinases (GIRKs), binding
of β-arrestin and adaptor/scaffolding proteins, and sequestration
into early endosomes (Dominguez et al., 2009; Micevych and
Dominguez, 2009). As illustrated in Figure 3, once the recep-
tor has released its ligand, the endosomes can either recycle
back to the plasma membrane or fuse with a lysosome lead-
ing to degradation of the receptor or down-regulation (reviewed
in Ritter and Hall, 2009). Thus, internalization is a relatively
quick process and does not diminish the number of receptors.
On the other hand, degradation/down-regulation is a slower
process that, as its name suggests, produces a down-regulation
in receptor number. The two events are related but receptor
internalization is not necessarily coupled to down-regulation. For
example, estradiol-induced MOR internalization did not result
in a change in the total number of receptors (Eckersell et al.,
1998).
In primary hypothalamic neuronal cultures, the rate of mER
internalization increased in parallel with its insertion into the
membrane, suggesting a coupling between receptor activation and
trafficking. Both the number of receptors in the membrane and
their activation/internalization peaked at 30minwhile continuous
estradiol treatment reduced the levels of mERα to basal. These data
directly imply that estradiol can significantly increase membrane
levels of the full length and variants of ERα. They also illustrate
another important feature of MIES – that estradiol can temporally
regulate ERα trafficking into and out of the plasma membrane,
recapitulating our in vivo observations (Bondar et al., 2009). Two
hours of estradiol treatment was no longer sufficient to induce the
same levels of trafficking and internalization. By 24 h of estradiol
treatment, internalized (and surface membrane) levels of mERα
were below basal suggesting ER degradation, i.e., down-regulation
(Bondar et al., 2009; Dominguez and Micevych, 2010). Thus, by
regulating the level of ER on the membrane, estradiol controls its
own level of signaling.
MEMBRANE-INITIATED SIGNALING: ESTROGEN RECEPTOR
HAS PARTNERS FOR SIGNALING
Over the years, a commonmechanismofMIES has been proposed:
membrane estradiol actions involve interactions of ERs with tra-
ditional cell surface receptors. Two kinds of interactions have been
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FIGURE 3 | Schematic representation of estradiol’s regulation of mER
trafficking. Upon activation by a ligand (E2), membrane ER is internalized
and the agonist-receptor complex is phosphorylated by G protein coupled
receptor kinases (GIRKs). β-arrestins are attached to the receptor along
with adaptor/scaffolding proteins (e.g., caveolin) and rapidly internalized
into early endosomes. At this point, the receptor is either dissociated from
its agonist and recycled back to the plasma membrane or degraded by
fusing with lysosomes. Abbreviations: E2, estradiol; ER, estrogen
receptor; CAV, caveolin; mGluR1, metabotropic glutamate receptor 1;
PKCθ, protein kinase Cθ.
demonstrated. The first is ER interactions with growth factor
receptors such as insulin-like growth factor 1 (IGF-1) receptors
(Toran-Allerand et al., 1988; Fernandez-Galaz et al., 1999; Que-
sada and Etgen, 2002; Quesada and Micevych, 2004) to stimulate
signal transduction. In the hypothalamus, ERα has been reported
to regulate lordosis behavior through an interaction with the IGF-
1 receptor (Quesada and Etgen, 2002). Blocking IGF-1 receptors
abates the neuroprotective effects of estradiol, suggesting that the
neuroprotection actions of estrogen are through the IGF-1 system.
The mechanism by which ER and IGF-1 receptors transduce sig-
naling is still unclear, although there is evidence that ERα, ERβ, and
IGF-1 receptor colocalize in both neurons and glial cells through-
out adult rat brain (Cardona-Gomez et al., 2000). In addition, ERβ
interacts with IGF-1 receptors in the midbrain to provide neuro-
protection for nigrostriatal neurons (Quesada andMicevych,2004;
Quesada et al., 2007, 2008) and ER co-immunoprecipitates with
IGF-1 and their activation subsequently phosphorylates phos-
phatidylinositol 3-kinase (IP3K; Mendez et al., 2003; Quesada
et al., 2008). Thus emerging data has demonstrated crosstalk
between ER and IGF-1 receptors resulting in stimulation of rapid
signaling cascades.
More recently, another mER association has been discovered
that explains how MIES can be stimulatory or inhibitory by inter-
acting with different metabotropic glutamate receptors (mGluR).
Acting through type I mGluRs, ER can activate MAPK depen-
dent signaling, CREB or release intracellular Ca2+ stores. Acting
through type II mGluRs, ERs can inhibit adenylyl cyclase leading
to reduced influx through L-type voltage gated calcium channels
(VGCC; Boulware et al., 2005; Dewing et al., 2007; Chaban et al.,
2011; reviewed in Mermelstein and Micevych, 2008; Micevych
and Mermelstein, 2008; Micevych and Dominguez, 2009). Such
mER–mGluR interactions have been discovered throughout the
neuraxis, from primary sensory neurons of the dorsal root gan-
glia (DRG) to the hippocampus, striatum, and hypothalamus in
neurons and astrocytes. Estradiol regulation of sexual receptivity
requires the interaction of ERα andmGluR1a, as demonstrated by
a lack of MOR internalization and lordosis behavior following the
blockade ofmGluR1a in theARHof estradiol primed rats (Dewing
et al., 2007). In vivo, ERα was colocalized in mGluR1a expressing
neurons in theARH and co-immunoprecipitation studies demon-
strated the potential physical interactions of these receptors in
membranes collected from theARH (Dewing et al., 2008). Further,
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we established that MIES involving ER–mGluR1a was responsi-
ble for estradiol facilitation of neuroP synthesis in hypothalamic
astrocytes (Kuo et al., 2009). Finally, in DRG neurons,MIES atten-
uated ATP-induced Ca2+ influx through VGCC, a cellular event
associated with nociceptive signaling (Chaban et al., 2003; Cha-
ban and Micevych, 2005). In DRG neurons, ERα transactivates
mGluR2/3, which inhibits adenylyl cyclase and PKA blocking the
VGCC (Chaban et al., 2004, 2011; reviewed in Micevych and
Mermelstein, 2008). Together these results demonstrate that by
interacting with different mGluRs, ERα can mediate inhibitory
or excitatory actions of estradiol, which speaks to the global
importance of ER–mGluR interactions mediating MIES.
MEMBRANE-INITIATED SIGNALING: CELLULAR EVENTS
Lordosis behavior depends on an ERα-dependent β-endorphin
projection from theARH that acts onMOR in theMPN (Micevych
et al., 2003). Interestingly, blocking MIES in the ARH with a
mGluR1a antagonist prevented MOR internalization and com-
pletely abrogated lordosis behavior (Dewing et al., 2007). Fur-
thermore, when mGluR1 was activated in animals primed with a
sub-behavioral dose of estradiol, lordosis was greatly facilitated.
Thus, MIES is involved in both rapid signaling and may partici-
pate in a membrane to nuclear signaling that is important for the
expression of proteins needed for lordosis behavior.
Estradiol activated a number of intracellular pathways in the
ARH, including phosphorylated PKCθ and protein kinase A (PKA;
Dewing et al., 2008). Site-specific blockade of PKC in ARH with
a general PKC inhibitor, bisindolylmaleimide (BIS), significantly
attenuated estradiol-induced MOR internalization in the MPN
(Figure 4). Furthermore, disruption of PKC signaling within the
ARH at the time of estradiol treatment significantly diminished
the lordosis reflex. Even when mGluR1 was activated with an
agonist, (S)-3,5-dihydroxyphenylglycine (DHPG), blocking PKC
prevented MOR internalization. Conversely, activating PKC with
phorbol 12, 13-dibutyrate (PDBu) with and without estradiol-
induced MOR internalization to levels equivalent to estradiol-
only control animals. These data indicate that PKC activation is
downstream of mGluR1a and PKC is a critical step for mem-
brane ERα-initiated mGluR1a-mediated cell signaling. PDBu sig-
nificantly facilitated lordosis compared with rats primed with a
sub-behavioral dose of estradiol. Together with ERα–mGluR1a
co-immunoprecipitation, these findings indicate that ERα transac-
tivation of mGluR1a is necessary for phosphorylation of the novel
Ca2+-independent PKCθ in the ARH (Dewing et al., 2008). This
rapid activation of cell signaling in vivo initiates the pathway lead-
ing to MOR internalization and modulation of lordosis behavior
(Dewing et al., 2007, 2008; reviewed inMicevych and Dominguez,
2009). Interestingly, STX initiates MIES by activating similar cell
signaling cascades to those activated by ERα-induced MIES. Both
activate novel PKCs, PKCδ by STX and PKCθ by estradiol (Qiu
et al., 2003). Additionally, STX-induced [Ca2+]i is blocked by the
antagonism of mGluR1a, suggesting a convergence of signaling by
ERα and STX-activated receptors.
CONCLUSION
Recent observations have begun painting an interesting picture
of steroid signaling in the brain. The idea of MIES has gained
FIGURE 4 | Estradiol-induced μ-opioid receptor (MOR) internalization
in the medial preoptic nucleus (MPN) is dependent on protein kinase C
θ (PKCθ) activation in the arcuate nucleus of the hypothalamus (ARH).
This graph represents two experiments: animals infused with a PKC
inhibitor, bisindolylmaleimide (BIS; 50 nmol, gray bars), and animals infused
with a PKC activator, phorbol 12,13-dibutyrate (PDBu; 25 nmol, black bars).
Animals sacrificed 30min after EB injections displayed a significant increase
in MOR internalization compared to oil injected animals. Antagonizing with
BIS attenuated this EB-induced MOR internalization in the MPN. PDBu did
not increase the level of internalization above that seen in EB-only treated
animals. However the PKC activator did induced MOR internalization in the
absence of EB treatment suggesting that estradiol and PDBu act through
the same signaling pathway. The mGluR1 antagonist (LY367385) and
agonist (DHPG) were also infused in combination with BIS or PDBu to
determine whether PKC activation was downstream of ER/mGluR1
signaling. These data correlate with behavioral data that show that rats
treated with BIS before EB were less receptive than aCSF-treated,
EB-primed rats, and that PDBu did not induce lordosis behavior in animals
that were not treated with a sub-behavioral dose of EB (2μg; Dewing et al.,
2008; Yildirim et al., 2008). *= statistical significance at the p<0.05 level
compared with aCSF+oil group as determined by two-way ANOVA and
post hoc analysis (from Dewing et al., 2008).
widespread support from experiments that demonstrated a rapid
estradiol activation of cell signaling. Thiswas bolsteredwith obser-
vations that membrane-impermeable constructs, in spite of theo-
retical concerns, would also activate a cornucopia of kinases and
mobilize intracellular stores of calcium. Estradiol acting through
membrane receptors has even shown to activate sexual recep-
tive behavior – a phenomenon long thought to be driven by
direct nuclear actions of estradiol. Membrane ERs appear to
behave like GPCRs since they rapidly activate cellular signaling
systems. These actions require interacting directly or indirectly
with different classes of membrane receptors such as the IGF-1
receptor, the oxytocin receptor, and the mGluRs. Transactivation
of mGluRs provide a mechanism through which estradiol can
produce both facilitation and inhibition of cellular events. The
direction of these events was determined ultimately by which
mGluR was coupled with the ER. Regulation of sexual recep-
tivity necessitated transactivation of the mGluR1a. Significantly,
estradiol controlled its membrane signaling by regulating ER traf-
ficking and internalization of ERα (and ERαΔ4). In addition to
these “post-synaptic” events, in recent years, the idea that the
brain synthesizes neurosteroids has been revived. Thus, neurons
and glial cells have been shown to synthesize sex steroids that
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like other fourth generation (4-G) neurotransmitters (i.e., nitric
oxide, endocannabinoids, and carbon monoxide) are regulated at
the point of synthesis (reviewed in Micevych and Sinchak, 2008).
Neuroprogesterone is an important component of the CNS con-
trol of female proceptive behaviors. Although it remains puzzling
that MIES-activated neuroP synthesis is sufficient to trigger the
LH surge and augment estradiol initiated proceptive behaviors,
we have not been able to demonstrate any actions of neuroP on
sexual receptive behaviors. Regardless, it is clear that the brain can
no longer be considered a passive recipient of steroid information
from the ovaries. Rather, there is a complex interaction of periph-
eral steroids and neurosteroids that regulate cell signaling and
transcription to cause significant biological consequences in brain
function and behavior.
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